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The temperature dependence of bottomonium correlators up to the 3S and 3P excited states are
presented in the range 𝑇 ≃ 133 − 250 MeV. These lattice calculations employ the non-relativistic
QCD (NRQCD) approach for bottom quarks on (2+1)-flavor gauge backgrounds, using the highly
improved staggered quark (HISQ) action near the physical point. The study utilizes a fine lattice
spacing of 0.0493 fm at all temperatures. Extended bottomonium operators are implemented
to achieve optimized overlaps with the targeted excited states, enhancing sensitivity to thermal
effects. To probe in-medium modifications of excited bottomonia, we extract thermal widths and
in-medium masses from bottomonium correlators, parameterizing the spectral function with a
Gaussian ansatz. Our results confirm nonzero thermal widths for various bottomonium states as
the temperature increases, while no significant mass shifts are observed. Additionally, we check
that the in-medium properties of bottomonia are almost not affected by variations in the choice of
extended operators.
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1. Introduction

Quarkonium suppression, proposed as strong evidence for the existence of quark-gluon plasma
(QGP) produced in high-energy nuclear collisions [1, 2], has been experimentally observed [3–
7]. This proposal is due to a widely accepted picture that color screening within the deconfined
QGP medium will make the range of quark-antiquark force shorter than the characteristic size of a
quarkonium state, finally leading to its dissolution. Then, a further consequence is that a loosely-
bound quarkonium state, such as excited states, is more susceptible to in-medium modification than
a compact one with a smaller size like the ground states. This leads to the expectation of sequential
in-medium modification of different quarkonium states based on their size hierarchy [8], supported
by measurements at CMS [5, 6] and STAR [7]. Given these considerations, probing the in-medium
properties of quarkonia with various sizes characterizes QGP on different length scales and has
brought together extensive experimental and theoretical efforts; see, e.g., Refs. [9, 10] for reviews.

Theoretically, although the consensus that quarkonium will eventually dissolve in the QGP at
sufficiently high temperature can be reached, the microscopic mechanism behind the in-medium
modification of quarkonia is more complicated than the original picture proposed in Ref. [1] and
still inconclusive. Recent works reveal that at nonzero temperatures, the quark-antiquark potential
becomes complex, acquiring a large imaginary component that encodes the dissipative effects of
the medium, without indications of color screening in its real part modification [11–14]. Thus to
gain more information about the modification of quarkonia in the medium, detailed investigation of
their properties at finite temperatures is needed.

In-medium properties of quarkonia are encoded in the spectral function, 𝜌(𝜔,𝑇), which is
related to the corresponding Euclidean correlator,𝐶 (𝜏, 𝑇), through the following Laplace transform:

𝐶 (𝜏, 𝑇) =
∫ ∞

0
d𝜔

cosh[𝜔(𝜏 − 1/2𝑇)]
sinh(𝜔/2𝑇) 𝜌(𝜔,𝑇) . (1)

Here 𝐶 (𝜏, 𝑇) can be measured through lattice-regularized field theory simulations. However, the
calculation of bottomonium correlators on the lattice is challenging. The relativistic lattice treatment
of quarkonia with heavy quark mass 𝑚𝑞 will lead to significant systematic discretization effects
proportional to 𝑎𝑚𝑞 [15, 16], with 𝑎 the lattice spacing. Besides, extracting in-medium properties
from a finite number of discrete lattice data points for 𝐶 (𝜏, 𝑇) is also difficult, due to the limited
sensitivity of 𝐶 (𝜏, 𝑇) to the thermal effect [17, 18]. This stems from the fact that the maximal
temporal extent 𝜏max of 𝐶 (𝜏, 𝑇) equals half the inverse temperature, 1/2𝑇 (c.f., Eq. 1), resulting in
a shrinking temporal range of correlators as the temperature increases.

Owing to the large mass 𝑚𝑞 and relatively small heavy-quark velocity 𝑣 inside quarkonium,
physics at different energy scales can be separated following the hierarchy 𝑚𝑞 ≫ 𝑚𝑞𝑣 ≫ 𝑚𝑞𝑣

2.
An effective field theory, non-relativistic QCD (NRQCD), can be reached by integrating out the
ultraviolet degrees of freedom related to 𝑚𝑞 [19, 20]. Simulating the heavy-quark bound states
through the NRQCD approach on the lattice will not only enable well-controlled discretization
errors, but also make the correlators more sensitive to the thermal modifications compared to a
relativistic treatment [21–24]. This arises from the forbiddance of heavy-quark pair creation in such
a non-relativistic formalism, leading to the periodic boundary condition in time not to be satisfied
for the heavy-quark fields [12] and Eq. 1 to become [21]
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𝐶 (𝜏, 𝑇) =
∫ +∞

−∞
d𝜔 𝜌(𝜔,𝑇)𝑒−𝜏𝜔 . (2)

As a result, the maximal temporal extent will be 1/𝑇 , twice larger than that in the relativistic case.
During the calculations of quarkonium correlators, commonly used point-like operators do not

have good overlap with targeted meson states with particular quantum numbers, especially for the
excited states. Thus, correlators at large 𝜏 are needed to eliminate contamination from high states
and the continuum. Recent lattice NRQCD studies using extended meson operators [25, 26] show
optimal projection onto different S- and P-wave bottomonia and more sensitivity to thermal effects
is obtained. Consequently, we will measure the bottomonium correlators through the NRQCD
approach on the lattice with extended meson operators, to gain more sensitivity to the in-medium
modifications, with the aim to extract in-medium properties of bottomonia at finite temperatures.

This proceedings contribution is based on Ref. [27] and is organized as follows. In Sec. 2
we will show detailed information about the setup of the lattice NRQCD simulations, as well as
the extended meson operators used in this work. Sec. 3 will present the bottomonium correlators
in vacuum and at finite temperatures and the temperature dependence of in-medium parameters
extracted from the continuum-subtracted correlators. Conclusions will be given in Sec. 4.

2. Details of lattice NRQCD simulations

To calculate bottomonium correlators on the lattice, for bottom-quark part we used tree-level
tadpole-improved NRQCD action including spin-dependent 𝑣6 corrections, as used in Refs. [25, 26].
These calculations were performed on background gauge fields including (2+1)-flavors of dynamical
sea quarks, implemented using the highly improved staggered quark and the tree-level Symanzik
gauge (HISQ/tree) action. The strange-quark mass 𝑚𝑠 was fixed to its physical value with light-
quark masses equal to 𝑚𝑠/20, corresponding to the Goldstone pion mass of approximately 160
MeV, close to the physical point. In this work, the spatial extent of the lattices was fixed to 𝑁𝜎 = 64
and the temperature was varied by varying the temporal extent 𝑁𝜏 from 30 to 16 at a fixed lattice
spacing 𝑎 = 0.0493 fm, corresponding to temperature ranging from 133 to 250 MeV.

Two types of extended meson operators proposed in Refs. [25, 26] were used in this work. One
is a Gaussian-smeared source [25] optimized for the ground S- and P-wave bottomonium states,
expressed as 𝑂𝛼 (x, 𝜏) = ˜̄𝑞(x, 𝜏)Γ𝛼𝑞(x, 𝜏), where Γ𝛼 denotes different bottomonium interpolators
and 𝑞 and ˜̄𝑞 stand for smeared quark and anti-quark fields. The smeared quark field is formulated
as 𝑞 = 𝑊𝑞 [25], where 𝑊 = [1 + 𝜎2Δ(2)/(4𝑁)]𝑁 with Δ(2) being the covariant lattice Laplacian.
For large enough 𝑁 , this produces a smeared quark field with Gaussian profile having a width 𝜎.
We adopt the same smearing parameters 𝜎 and 𝑁 to construct 𝑊 as those specified in Ref. [25].

The other type of operator is the wave-function-optimized source [26] given by 𝑂𝛼,𝑖 (x, 𝜏) =∑
r Ψ𝑖 (r)𝑞(x + r, 𝜏)Γ𝛼𝑞(x, 𝜏), where 𝑖 represents different excited states for a specific bottomo-

nium channel 𝛼, with 𝑖 ranging from 1S(P) to 3S(P) states in this work. The wave function
Ψ𝑖 (r), acting as a shape function, is solved from the discretized three-dimensional Schrödinger
equation, where an O(𝑎4)-improved discretized Laplacian is used with the same spacing as the
gauge backgrounds and the potential takes a Cornell form with the same parameterization as in
Refs. [26, 28]. Measurements with such optimized source will result in nonzero off-diagonal corre-
lators𝐶𝛼,𝑖 𝑗 (𝜏) = Σx⟨𝑂𝛼,𝑖 (x, 𝜏)𝑂†

𝛼, 𝑗
(0, 0)⟩ for 𝑖 ≠ 𝑗 . Thus, variational analysis is used to obtain the

3
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diagonalized correlator 𝐶𝛼,𝑖 (𝜏) =
∑

x⟨Ω𝛼,𝑖 𝑗𝑂𝛼, 𝑗 (x, 𝜏)𝑂†
𝛼,𝑘

(0, 0)Ω†
𝛼,𝑘𝑖

⟩, with Ω𝛼,𝑖 𝑗 solved from
the generalized eigenvalue problem [26, 29–31]. For a targeted bottomonium state 𝛼, the rotation
matrix Ω𝛼,𝑖 𝑗 is computed at zero temperature and uniformly applied across all temperatures.

For the above two types of extended sources, bottomonium correlators were measured using
24 sources distributed across different locations for each gauge configuration to improve the signal.
The bottom-quark mass, 𝑀𝑏, as a free parameter in the NRQCD action, is fixed by matching the
kinetic mass of the 𝜂𝑏 to its PDG value [32], leading to 𝑎𝑀𝑏 = 0.955(17) for spacing 𝑎 = 0.0493
fm, which is consistent with previous value 𝑎𝑀𝑏 = 0.957(9) [25]. Thus, 𝑎𝑀𝑏 = 0.957 was adopted
in this work. More details about the lattice NRQCD calculations can be found in Ref. [27].

3. Results

3.1 Vacuum case

Bottomonium correlators at zero temperature are presented in Fig. 1, shown in the form of
effective masses, 𝑀eff, defined as 𝑎𝑀eff(𝜏) = log[𝐶 (𝜏)/𝐶 (𝜏+𝑎)]. Υ and 𝜒𝑏0 are taken as examples
for S-wave and P-wave bottomonia respectively; other channels show very similar behavior. To
remove the energy shift constant inherent in the NRQCD formalism, hereafter all vertical scales
are calibrated with the spin-averaged mass of 1S bottomonia. For the 1S/1P states, comparisons
between measurements from Gaussian and wave-function-optimized operators are given in Fig. 1,
to check the difference from the choice of various extended operators. Deviations in the effective
masses of Υ(1S) and 𝜒𝑏0(1P) only appear at very small 𝜏, but are almost non-existent within the
long plateau. This indicates that the ground-state energy in a given channel is well-determined and
does not depend on the choice of the meson operators.
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Figure 1: The effective masses at zero temperature for Υ (left) and 𝜒𝑏0 (right) correlators, from Gaussian-
smeared extended sources (triangle) and wave-function-optimized sources (circle) respectively. The vertical
scale is calibrated with the spin-average mass of 1S bottomonia at 𝑇 = 0, given by 𝑀̄1𝑆 = (𝑀𝜂𝑏

+ 3𝑀Υ)/4.

Both Gaussian and wave-function-optimized operators are effective in overlapping with targeted
states, as clear plateaus are found from about 𝜏 ≃ 0.3 fm in Fig. 1. Compared to measurements with
point-like operators, the use of extended operators leads to earlier onset of plateaus at time much
shorter than the inverse temperature 1/𝑇 . This provides more data points for extracting in-medium
bottomonium properties at finite temperatures, where maximal temporal extent is limited by 1/𝑇 .

We also fit the bottomonium correlators in vacuum with a single-exponential ansatz within
the plateau region indicated in Fig. 1. The fit ranges, [𝜏vac

min, 𝜏
vac
max], are carefully chosen to ensure

the dominance of the ground state contribution, where 𝜏vac
max is the largest temporal separation 𝜏 at

which 𝜎𝑀eff (𝜏)/𝑀eff(𝜏) ≤ 5% is satisfied. The lower bound of the range, 𝜏vac
min, is the first 𝜏 where

the excited-state contribution to the effective mass, 𝛿𝑀 (𝜏), is less than the statistical uncertainty,
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𝜎𝑀eff (𝜏), i.e., 𝛿𝑀 (𝜏) < 25%×𝜎𝑀eff (𝜏). The extracted energy levels of different bottomonium states
are found to be consistent with the experimental results from PDG [32], except for the hyperfine
splitting of the 1S bottomonia, which is particularly sensitive to the short-distance physics.

3.2 In-medium case

The temperature dependence of bottomonium correlators from wave-function-optimized op-
erators at finite temperatures is shown in Fig. 2 in terms of the effective masses, taking Υ and
𝜒𝑏0 as examples. For all states presented in Fig. 2, the effective masses exhibit mild temperature
dependence within 𝜏 ≲ 0.1 fm for the whole temperature region under our consideration. Thermal
effects become more significant as the temporal separation and temperature increase and are more
pronounced for P-wave states compared to S-wave states. A plateau seems to exist until the temper-
ature increases to 182 MeV for Υ(1S) and 167 MeV for 𝜒𝑏0(1P), suggesting that these two ground
S- and P-wave bottomonia can exist as bound states above the crossover temperature with roughly
the same masses as in vacuum. At sufficiently high temperatures, the effective masses exhibit a
sharp decrease around 𝜏 ≃ 1/𝑇 . This drop becomes steeper with increasing temperature and is
more pronounced for higher excited states.
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Figure 2: Temperature dependence of effective masses for Υ(𝑛S) (top) and 𝜒𝑏0 (𝑛P) (bottom) with 𝑛 =1,
2 and 3, measured using wave-function-optimized operators. The vertical scale is calibrated with the spin-
average mass of 1S bottomonia at 𝑇 = 0.

As for the effective masses calculated from Gaussian-smeared operators, qualitatively the same
behavior can be seen, but there are quantitative difference compared with the results from wave-
function-optimized operators. However, we will see that the in-medium properties from different
extended operators are consistent with each other, as shown in Fig. 4.

To isolate the part that is more sensitive to the in-medium properties of bottomonia from
the spectral function, a continuum-subtracted correlator can be defined [25, 26] as follows. The
spectral function is generally expected to contain several states below the open-bottom threshold,
with numerous higher states forming a continuum at large frequencies. Thus, the spectral function
can be decomposed into two parts, i.e., 𝜌(𝜔,𝑇) = 𝜌med(𝜔,𝑇) +𝜌cont(𝜔). The continuum part, 𝜌cont,
is considered to be temperature independent, aligning with the temperature independent behavior of
the effective masses at small 𝜏 in Fig. 2. The in-medium part of the spectral function, 𝜌med(𝜔,𝑇),
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at zero temperature can be parameterized as 𝜌med(𝜔,𝑇 = 0) = 𝐴𝛿(𝜔 − 𝑀) with 𝑀 the mass of a
certain state targeted for projection. This is because the extended operators used in this work have
optimized overlap with such a target state and make the contribution from undesired states largely
suppressed, as shown in Fig. 1. Given these discussions, 𝜌cont can be estimated at zero temperature
through 𝜌cont = 𝜌(𝜔,𝑇 = 0) − 𝐴𝛿(𝜔 − 𝑀), leading to 𝐶cont(𝜏) = 𝐶 (𝜏, 𝑇 = 0) − 𝐴𝑒−𝑀𝜏 . Here
Eq. 2 was used, and the parameters 𝐴 and 𝑀 are extracted from fits to the exponential decay of
vacuum correlators in the range [𝜏vac

min, 𝜏
vac
max] discussed in Sec. 3.1. Thus, the continuum-subtracted

correlator and the continuum-subtracted effective mass can be defined as [25, 26]

𝐶sub(𝜏, 𝑇) = 𝐶 (𝜏, 𝑇) − 𝐶cont(𝜏) , and 𝑎𝑀sub
eff (𝜏, 𝑇) = log[𝐶sub(𝜏, 𝑇)/𝐶sub(𝜏 + 𝑎, 𝑇)] . (3)

Fig. 3 shows the temperature dependence of continuum-subtracted effective masses for Υ and
𝜒𝑏0 as an illustration, using wave-function-optimized operators. 𝑀sub

eff approaches the corresponding
bottomonium mass in vacuum at small 𝜏, then shows a nearly linear decrease in the middle and
finally ends with a sharp decline deviating from linearity around 𝜏 ∼ 1/𝑇 . The slope of 𝑀sub

eff in the
middle 𝜏 range is considered to be closely related to the width of the bottomonium state, and grows
larger for higher excited states and as the temperature increases. This is in line with the picture
of sequential thermal broadening of bottomonia in the hot medium [25, 26]. However, for some
low temperatures, shown as Υ(1S) at 𝑇 ≲182 MeV and other states at 𝑇 ≲167 MeV in Fig. 3, a
roughly constant behavior with increasing 𝜏 can be observed, indicating that these states are almost
not affected by the medium.
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Figure 3: The continuum-subtracted effective masses with various temperatures for different excited states
of Υ (top) and 𝜒𝑏0 (bottom). The bands are reconstructed from fits using the Gaussian ansatz (cf. Eq. 4), as
discussed in the text. The vertical scale is calibrated with the spin-averaged mass of 1S bottomonia at 𝑇 = 0.

For the continuum-subtracted effective masses from Gaussian-smeared operators, similar be-
havior can be found, and the slope of the continuum-subtracted effective masses in the middle 𝜏 range
is consistent with that obtained from wave-function-optimized correlators. However, differences
appear in the fast drop at the tail of 𝜏. This outcome is expected, as the portion of the spectral func-
tion significantly below the dominant peak influences the tail behavior of the continuum-subtracted
effective masses [13], which varies based on the choice of meson operators.

To extract in-medium properties, we adopt the Gaussian parameterization for the in-medium
part of the spectral function, as proposed in Ref. [25, 26], i.e.,
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𝜌med(𝜔,𝑇) = 𝐴med(𝑇) exp

(
− [𝜔 − 𝑀med(𝑇)]2

2Γ2
med(𝑇)

)
+ 𝐴cut(𝑇)𝛿(𝜔 − 𝜔cut(𝑇)) . (4)

Here, the 𝛿 term is effectively responsible for the part of the spectral function well below the main
peak structure, reproducing the tail behavior of 𝑀sub

eff at large 𝜏 ∼ 1/𝑇 . The first term in Eq. 4 leads
to the linear decrease with respect to 𝜏 in 𝑀sub

eff within the middle 𝜏 region. The in-medium mass
𝑀med(𝑇) and width Γmed(𝑇) can be extracted by fitting the continuum-subtracted correlators using
the ansatz Eq. 4 with the help of Eq. 2. The bands shown in Fig. 3 are the continuum-subtracted
effective masses reconstructed from the fit parameters in Eq. 4 through Eq. 2 and Eq. 3. These
fits capture the behavior of 𝑀sub

eff well for Υ(1S) and 𝜒𝑏0(1P) at 𝑇 ≳182 MeV and other excited
states at 𝑇 ≳167 MeV. As discussed above, however, for the other cases at low temperatures, as
indicated by the gray-shaded area in Fig. 4, the roughly constant behavior of 𝑀sub

eff suggests that
a single-exponential ansatz is sufficient to describe the continuum-subtracted correlators at these
temperatures. For the excited S- and P-wave states at 𝑇 =167 MeV, the sudden drop-off in 𝑀sub

eff
around 𝜏 ≃ 1/𝑇 is no longer visible. Thus, for these cases, the 𝛿 term corresponding to the tail of
the spectral function can be ignored by setting 𝐴cut(𝑇) = 0 in the ansatz Eq. 4 and omitting 2 − 4
data points at the largest values of 𝜏 during the fits.

The temperature dependence of the in-medium mass 𝑀med(𝑇) and width Γmed(𝑇) extracted
from the continuum-subtracted correlators, using the Gaussian parameterization for the in-medium
spectra function, is presented in Fig. 4. The in-medium mass 𝑀med(𝑇) is shown in the form of a mass
shift, i.e., the difference between 𝑀med(𝑇) and its vacuum counterpart, Δ𝑀 = 𝑀med(𝑇)−𝑀 (𝑇 = 0).
The examples are provided for Υ and 𝜒𝑏0, and similar observations apply to other bottomonia. The
overlaps of the filled and open black points in Fig. 4 confirm that the in-medium properties do not
depend on the choice of the extended operators.

The in-medium mass shifts Δ𝑀 in Fig. 4 are consistent with zero across all bottomonium
states and the entire temperature range considered, with no clear temperature dependence observed.
This indicates that the in-medium masses of various bottomonium states remain very close to their
vacuum masses. On the other hand, the in-medium widths, defined as the Gaussian widths at half
maximum height, i.e.,

√
2 ln 2Γmed, in Fig. 4 show a clear increase with increasing temperature and

are larger for higher excited states. A hierarchical pattern for the in-medium widths appears, cor-
responding to the hierarchy of bottomonium sizes: Γmed,1S(P)(𝑇) < Γmed,2S(P)(𝑇) < Γmed,3S(P)(𝑇),
while the difference between the widths of 2S(P) and 3S(P) states becomes less and less obvious as
the temperature decreases.

There are other parametrizations for in-medium spectral function that can reproduce behavior
of the continuum-subtracted correlators. In fact, the Gaussian form of in-medium spectral function
is not physically motivated, and the interpretation of Gaussian widths as widths of bottomonia is
not well-defined. Assuming that the detailed shape of the spectral function away from the main
peak structure is unimportant, the Gaussian width at half maximum height can be interpreted as in-
medium width of a bottomonium state, which is equal to

√
2 ln 2Γmed shown in Fig. 4. A more natural

choice of parametrization for the in-medium spectral function would be a Breit-Wigner (Lorentzian)
form, and our further work [27] focuses on such a choice and comparisons between different
parametrizations. However, the in-medium parameters extracted from the Gaussian parametrization
could provide qualitative results and possibly upper bounds for the in-medium width.
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Figure 4: Temperature dependence of mass shifts and in-medium widths, defined as the Gaussian widths
at half maximum height, for Υ(𝑛S) and 𝜒𝑏0 (𝑛P) with 𝑛 =1, 2 and 3 obtained from Gaussian fits on the
continuum-subtracted correlators for the temperatures outside the gray-shaded area. Open points are from
fits on the continuum-subtracted correlators calculated using wave-function-optimized operators, while filled
points from Gaussian-smeared operators. For the temperatures located in the gray-shaded area, a single-
exponential fit is performed on the continuum-subtracted correlators.

4. Conclusion

We study the in-medium properties up to 3S and 3P excited bottomonia from lattice NRQCD
calculations with two types of extended operators, for temperatures ranging from 133 to 250 MeV.
From the temperature dependence of the bottomonium correlators, we find that all bottomonium
states below the open-bottom threshold can exist as well-defined quasi-states above the crossover
temperature, including 3P states. After extracting the in-medium widths and masses by using the
Gaussian parametrization for the in-medium spectral function, we find that the bottomonium masses
do not change compared to their vacuum values across the temperature range considered, while
nonzero widths are observed for the different bottomonium states. These observations suggest that
screening may not be the likely source of bottomonium dissociation in the medium. Additionally,
we confirm that the in-medium properties of bottomonia are not affected by the choice of Gaussian-
smeared or wave-function-optimized operators used in the measurements.
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